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Abstract
Complexes of DNA with cationic lipids and cationic polymers are frequently used for gene transfer. Extracellular
interactions of the complexes with anionic glycosaminoglycans (GAGs) may interfere with gene transfer. Interactions of
GAGs with the carrier-DNA complexes were studied using tests for DNA relaxation (ethidium bromide intercalation), DNA
release (electrophoresis), and transfection (pCMVLGal transfer into RAA smooth muscle cells). Several cationic lipid
formulations (DOTAP, DOTAP/Chol, DOTAP/DOPE, DOTMA/DOPE, DOGS) and cationic polymers (fractured
dendrimer, polyethylene imines 25 kDa and 800 kDa, polylysines 20 kDa and 200 kDa) were tested. Polycations condensed
DNA more effectively than the monovalent lipids. Hyaluronic acid did not release or relax DNA in any complex, but it
inhibited the transfection by some polyvalent systems (PEI, dendrimers, DOGS). Gene transfer by the other carriers was not
affected by hyaluronic acid. Sulfated GAGs (heparan sulfate, chondroitin sulfates B and C) completely blocked transfection,
except in the case of the liposomes with DOPE. Sulfated GAGs relaxed and released DNA from some complexes, but these
events were not prerequisites for the inhibition of transfection. In conclusion, polyvalent delivery systems with endosomal
buffering capacity (DOGS, PEI, dendrimer) were most sensitive to the inhibitory effects of GAGs on gene transfer, while
fusogenic liposomes (with DOPE) were the most resistant systems. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Gene delivery methods are designed to introduce
genetic material into patients’ cells. After successful
gene transfer these cells produce a therapeutic pro-
tein. The safety concerns and the di⁄culty of pro-
duction on a large scale limit the usefulness of the
recombinant viral vectors [1]. This has prompted the
search for e⁄cient, nonimmunogenic, and easy-to-
prepare nonviral vector systems.
Cationic liposomes (lipoplexes) are the most fre-
quently used nonviral gene transfer systems. Once
in contact with negatively charged DNA, these lipids
form electrostatic complexes with DNA. Since the
pioneering work of Felgner et al. [2] who introduced
cationic DOTMA/DOPE liposomes, numerous other
cationic lipids have been described. Some lipids have
monovalent head groups, e.g. DOTMA [2] and DO-
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TAP [3], and others, like DOGS and DPPES [4],
contain multivalent head groups. Cationic liposomes
may contain also a neutral fusogenic lipid, dioleyl-
phosphatidylethanolamine (DOPE). Complexes of
cationic lipids with DNA are heterogeneous [5,6]
and susceptible to changes in the surrounding solu-
tion [7]. Cationic liposomes have been studied in vi-
tro, in vivo, and even in clinical trials [8], but the
main problem, the low transfection e⁄ciency in
vivo, still remains.
Cationic polymers (polyplexes) are another major
group of nonviral gene delivery systems. Polylysines
form small toroidal complexes with DNA, but as
such their gene transfer e⁄ciency is not good. Poly-
lysine-mediated gene delivery is improved by lipo-
philic components [9], target-speci¢c ligands [10],
and with endosome disruptive peptides [11].
Some other cationic polymers, such as polyethyle-
neimines [12] and polyamidoamine dendrimers [13^
15], show improved transfection activity in vitro
compared to polylysine. These polymers do not re-
quire any additional agents to achieve high transfec-
tion e⁄ciency in cells. High activity has been postu-
lated to be due to their bu¡ering and swelling
capacity in the endosomal compartment [12,13].
The endosomal bu¡ering capacity has not been di-
rectly proven, but due to the pKa values of their
secondary and tertiary amines, it is widely believed
[4,12,13,15,22] that polyethyleneimines and den-
drimers, as well as DOGS lipid, may bu¡er endo-
somes. Recently polyethyleneimine and fractured
dendrimer were shown to be active in vivo in carotid
artery and in brain [16,17].
In general, gene transfer by lipoplexes and poly-
plexes is less e⁄cient in vivo than in vitro. Further-
more, in vivo gene transfer is not well predicted by in
vitro results [17,18]. This is due to the various bio-
logical barriers in vivo, factors that are not present in
in vitro cell culture systems. Complexes of cationic
vehicle and DNA may interact with the extracellular
matrix materials after local gene administration (e.g.
in arterial walls, vitreous of the eye, joints, dermis,
extracellular matrix in tumor) and this interaction
may hamper the gene transfer to the target cells.
Extracellular matrices contain sulfated proteoglycans
which consist of a core protein covalently linked to
one or more sulfated or carboxylic glycosaminogly-
cans (GAGs) [20]. Negatively charged GAGs (e.g.
hyaluronic acid and chondroitin sulfates) are long
unbranched polysaccharides with repeated sulfated
or carboxylic disaccharide units [19,20]. Extracellular
polyanionic GAGs might bind the positively charged
DNA complexes and, thereby, a¡ect their mobility in
tissue and/or interaction with target cells.
Previously Xu and Szoka [21] showed that some
polyanions (heparin, dextran sulfate) release DNA
from DOTAP liposomes by binding to the cationic
lipid. Various polyplexes and lipoplexes complex
DNA di¡erently and their mechanisms and e⁄cien-
cies in gene transfer are not similar [2,4,6,12,22]. Ac-
cordingly, we demonstrate that the interactions be-
tween various DNA complexes and GAGs are far
from identical. Furthermore, inhibitory e¡ects on
transfection of cells were not dependent on DNA
release or its relaxation in the complex.
2. Materials and methods
2.1. Plasmid
The reporter gene plasmid pCMVL encoding L-
galactosidase under the control of cytomegalovirus
promoter [26] was a gift from Dr. F.C. Szoka Jr.
(University of California, San Francisco, CA,
USA). Plasmid was ampli¢ed in Escherichia coli
and puri¢ed by column separation (Qiagen). Plasmid
integrity was con¢rmed by gel electrophoresis. DNA
concentrations were determined by absorbance at
260 nm.
2.2. Polycations
Polyethyleneimine with a mean molecular weight
of 25 kDa (PEI 25) was obtained from Aldrich and
800 kDa polyethyleneimine (PEI 800) from Fluka.
They were used as 10 mM aqueous stock solutions
[12]. Fractured sixth generation polyamidoamine
(PAMAM) dendrimer was synthesized as described
earlier [13]. Dendrimer was a kind gift from Dr F.C.
Szoka Jr. (University of California, San Francisco,
CA, USA) and it was used as a 3 mg/ml aqueous
stock solution. Poly-(L-lysine) hydrobromides (PLL
20 and 200) (mean mol. wt. 19 600 and 200 000)
were obtained from Sigma Chemical Co. Polylysines
were diluted with water (3 mg/ml).
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ammonium methylsulfate (DOTAP) were purchased
from Avanti Polar Lipids (Pelham, AL, USA).
Cationic liposomes composed of DOTAP, DO-
TAP/DOPE at molar ratio 1:1 or DOTAP/cholester-
ol (Sigma) at molar ratio 10:9 were prepared by
evaporating a chloroform solution of lipids, resus-
pending the lipids in sterile water and sonication
under argon until a translucent lipid solution was
obtained. DOTAP/cholesterol (Sigma) liposomes
were then extruded through a 50 nm membrane ¢l-
ter. Liposomes were used as 3.2 mM stock solutions.
Dioctadecylamidoglycylspermine (DOGS) was a gift
of Dr. Jean-Serge Remy (CNRS, Strasbourg,
France). It was used as a 20 mM ethanolic stock
solution. DOTMA (dioleyloxypropyl trimethylam-
monium bromide)/DOPE (1:1, w/w) liposomes were
kind gifts of GeneMedicine Inc. (Woodlands, TX,
USA). This composition is equivalent to the com-
mercial transfection agent Lipofectin.
2.4. Glycosaminoglycans
Heparan sulfate (from porcine intestinal mucosa,
purity 90%), chondroitin sulfate B (from bovine mu-
cosa, purity approximately 85%) and chondroitin
sulfate C (from shark cartilage, purity approximately
90%) were purchased from Sigma. They were used
as 6 mM water solutions. Hyaluronic acid (from bo-
vine trachea) was from CarboMer (Westborough,
MA, USA) and it was used as a 12 mM water solu-
tion.
2.5. DNA condensation and relaxation
Condensing of plasmid DNA by cationic lipids
and polymers and, thereafter, the e¡ects of GAGs
on the complexes were investigated using ethidium
bromide intercalation into DNA. Upon condensa-
tion ethidium bromide is expelled from DNA and,
thus, the £uorescence signal is decreased. Relaxation
of the complex results in recovery of £uorescence
[21].
Assays were done in 96 well plates in 20 mM
HEPES-150 mM NaCl bu¡er, pH 7.4. The maximum
£uorescence signal was obtained when ethidium bro-
mide (4 Wg/ml) was bound to plasmid DNA (0.6 Wg/
well). Liposomes and polymers were added to the
wells at di¡erent +/3 charge ratios (positive charges
of the carrier divided by the negative charges of
DNA). Thereafter, anionic GAGs were added to
the complexes at a 3-fold 3/+ charge excess. Fluo-
rescence was measured using a Bio-Tek FL 500 £uo-
rescence plate reader (Bio-Tek Instruments, Ver-
mont, USA) at excitation wavelength 530 nm and
emission wavelength 590 nm.
2.6. Cell culture
RAA SMC (smooth muscle cells from rabbit
aortic media) were grown in DMEM (Gibco) supple-
mented with 10% heat inactivated fetal bovine serum
(Gibco) and 1% penicillin-streptomycin (Gibco) at
37‡C in 7% CO2 as described previously [27]. Cells
were subcultured twice weekly.
2.7. Transfection protocol
One day before transfection the cells were seeded
into 96 well trays at a density of 20 000 cells per well
in 100 Wl of growth medium. DNA/carrier complexes
were made by adding a solution of DNA in 50 mM
MES-50 mM HEPES-75 mM NaCl bu¡er, pH 7.2 to
an equal volume of carrier in bu¡er in 96 well plates.
After 15 min incubation anionic GAGs were added
to complexes at a 3-fold charge excess. Complexes
(50 Wl) containing 0.6 Wg of DNA and varying
amounts of carriers and GAGs were added to the
cells in serum-free medium. After 5 h incubation
the complexes were aspirated and 150 Wl of growth
medium was added to cells. After 2 days the cells
were lysed with 2% Triton X-100 and L-galactosidase
activity was detected spectrophotometrically
(ELx800 ‘Microplate reader’, Bio-Tek Instruments,
Vermont, USA) using o-nitrophenol galactoside
(ONPG, Sigma) as the substrate. Puri¢ed L-galacto-
sidase enzyme (Sigma) was used as the reference
standard.
2.8. Agarose gel electrophoresis
Complexes were made as described above in trans-
fection protocol and 24 Wl ( = 288 ng DNA) of the
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complex was loaded to 0.8% agarose gel in Tris-bo-
rate EDTA bu¡er (TBE) pH 8.0. After electrophor-
esing the samples at 60 V for 3 h the gels were
stained in ethidium bromide solution (0.5 Wg/ml)
and photographed (Biometra, BioDoc II/NT, video
documentation system, Go«ttingen, Germany) on an
ultraviolet transilluminator (Biometra, Go«ttingen,
Germany).
Fig. 1. Plasmid DNA condensation (F) by cationic liposomes and polymers at di¡erent +/3 charge ratios and relaxation of the com-
plexes by hyaluronic acid (E), chondroitin sulfate B (9), chondroitin sulfate C (a), and heparan sulfate (b) are shown. The values are
expressed as a percentage of the ethidium bromide £uorescence without the carrier. Each value is the mean of triplicates þ S.D.
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3. Results
3.1. DNA condensation
Condensation of DNA with polycation results in
partial displacement of ethidium bromide from DNA
causing a decrease in the £uorescence signal at 590
nm. Anionic GAGs may displace cationic carrier
from DNA or otherwise change the conformation
of the complex allowing binding of ethidium bromide
and, thereby, recovering some of ethidium bromide
£uorescence. DNA condensation and relaxation re-
Fig. 1 (Continued)
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sults are shown as a percentage of the £uorescence
without polycation (i.e. DNA and ethidium bromide)
(Fig. 1).
The monovalent liposomes DOTAP and DOTMA
with fusogenic ‘helper lipid’ DOPE form loose com-
plexes with DNA causing only a 10^20% decrease
in £uorescence (Fig. 1C,D). DOTAP and DOTAP/
Chol formed tighter complexes with DNA and
caused a £uorescence decrease of 30% (Fig. 1A,B),
while the multivalent (+3) DOGS caused condensa-
tion of DNA by 65% from the original level (Fig.
1E).
All cationic polymers formed compact complexes
with DNA: £uorescence of ethidium bromide was
decreased by 50%, 70%, and 55% with fractured den-
drimer, polyethyleneimines, and polylysines, respec-
tively (Fig. 1F^J).
Relationships between DNA condensation and
+/3 ratio were di¡erent in the various delivery sys-
tems (Fig. 1). For example, DOGS caused gradually
decreasing £uorescence at high charge ratios, while
PLL complexes reached maximal condensation at a
+/3 ratio of 2 without further condensation at high-
er charge ratios.
3.2. DNA relaxation by GAGs
We studied the e¡ects of four extracellular matrix
components (chondroitin sulfate B and C, heparan
sulfate and hyaluronic acid) on DNA/carrier com-
plexes at three-fold excess of negative charges. Hya-
luronic acid did not have any signi¢cant relaxing
e¡ect on any DNA complex as judged by unchanged
£uorescence (Fig. 1A^J).
The e¡ect of other GAGs on ethidium bromide
£uorescence of DOTAP/DOPE and DOTMA/
DOPE complexes was not signi¢cant (usually 6 5%)
(Fig. 1C,D), but in this case the DNA condensation
was minor even without GAG exposure. Chondroitin
sulfates B and C relax DOTAP/DNA complexes
completely, while heparan sulfate raises ethidium
bromide £uorescence by about 10% (Fig. 1A).
Cholesterol increased the resistance of DOTAP/
DNA complexes to heparan sulfate, while chon-
droitin sulfates again caused nearly complete relaxa-
tion (Fig. 1B). In DOGS/DNA complexes chondroi-
tin sulfates B, C and heparan sulfate recovered
about 30%, 10% and 50% of the £uorescence, res-
pectively, at +/3 charge ratios of 4 and higher
(Fig. 1E).
Sulfated GAGs caused 20% or less relaxation of
DNA complexes with fractured dendrimer or poly-
lysines (Fig. 1F,I,J). Polyethyleneimine complexes
were less resistant to the e¡ects of GAGs. Chondroi-
tin sulfate B and heparan sulfate caused complete
relaxation and chondroitin sulfate C partial relaxa-
tion of the PEI complexes (Fig. 1G,H).
3.3. Agarose gel electrophoresis
Agarose gel electrophoresis was used to assess
DNA binding at di¡erent conditions.
Cationic polymers bind DNA totally at a lower
+/3 DNA/carrier charge ratio than cationic lipo-
somes do. Dendrimer, PEI 25 and PLL 200 bind
DNA totally at +/3 1 and PEI 800, DOGS, and
PLL 20 at a +/3 ratio of 2 (Table 1). With cationic
liposomes the exact +/3 charge ratios for complete
DNA binding were hard to evaluate even at very low
voltages during electrophoresis. DOTMA/DOPE and
DOTAP/DOPE bind DNA totally at a +/3 ratio of
4, while DOTAP and DOTAP/Chol still release some
DNA at a +/3 ratio of 16 (Table 1). Cationic
liposomes form loose complexes with DNA, which
may partly fall apart in the electric ¢eld.
Anionic GAGs did not signi¢cantly release DNA
from their complexes with dendrimer, polylysines,
DOTMA/DOPE, DOTAP, and DOTAP/Chol (Table
1). All GAGs induced some DNA release from DO-
TAP/DOPE complexes (Table 1). Chondroitin sul-
fate B and heparan sulfate released DNA from poly-
ethyleneimine and DOGS complexes (Table 1) as
expected on the basis of the substantial DNA relax-
ation (Fig. 1). In these cases DNA was seen on the
gel at higher +/3 charge ratios as a smear due to
gradual detachment of DNA from the complexes
loosened by GAGs.
3.4. In£uence of GAGs on gene transfer in vitro
We studied the in£uence of GAGs on L-galactosi-
dase transgene expression in RAA SMC cells with
di¡erent carrier/DNA complexes at varying +/3
charge ratios.
The e¡ect of GAGs on transfection e⁄ciency of
cationic polymer/DNA complexes was clear. Both
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chondroitin sulfates and heparan sulfate caused a
total loss of gene expression when they were incu-
bated with cationic polymer/DNA complexes (Fig.
2F^I). Hyaluronic acid decreased the gene transfer
e⁄ciency by PEI (Fig. 2G,H) and fractured den-
drimer (Fig. 2F), but not in the case of PLL (Fig.
2I). Transfections with DOGS/DNA complexes were
a¡ected in the same way as PEI and dendrimer: par-
tial inhibition with hyaluronic acid and complete
block of gene delivery with other GAGs.
Hyaluronic acid did not a¡ect the transfection e⁄-
ciency of DOTAP and DOTAP/Chol complexes,
while chondroitin sulfates and heparan sulfate abol-
ished it completely (Fig. 2A,B). The in£uence of
GAGs on gene transfer by DOTAP/DOPE and
DOTMA/DOPE was smaller than their e¡ect on the
other carriers. Hyaluronic acid did not a¡ect gene
transfer by DOTMA/DOPE and DOTAP/DOPE,
and even chondroitin sulfates and heparan sulfate
decreased the transfection e⁄ciency only partly (2^6
times) (Fig. 2C,D). Unlike with the polymers or other
liposomes no complete inhibition was seen.
4. Discussion
In this study, we investigated the in£uence of
anionic GAGs on cationic carrier/DNA complexa-
tion and transfection e⁄ciency. GAGs are important
constituents in extracellular matrices [19,20]. Since
every gene transfer carrier has to move through ex-
tracellular space, GAGs could a¡ect the gene trans-
fer by the complexes in many ways. Firstly, GAGs
could bind positively charged complexes and inhibit
their di¡usion to the target. Secondly, binding to
GAGs might release DNA from the complexes and
reduce their transfection ability. Thirdly, binding to
GAGs could change the charge and size of the com-
plexes thereby a¡ecting the cellular uptake and dis-
tribution in tissues. Finally, partly relaxed complexes
with bound GAGs might have altered behavior in
endosomes, e.g., a¡ecting the escape of DNA to
the cytoplasm.
Positively charged carriers condense negatively
charged DNA by ionic interaction. Our results con-
¢rm that excess of positive charges are needed to
bind, pack, and deliver DNA into cells in vitro
(Figs. 1 and 2, Table 1). Cationic excess of charges
is important for transfection probably because of the
net negative charges exhibited by the cell membrane
and endosomal wall [4,8]. Multivalent cationic poly-
mers formed condensed and tight complexes with
DNA; this is seen as a steeply decreasing £uorescence
over a narrow range of +/3 ratios when DNA is
totally bound by the carrier (Fig. 1). In addition,
the packing density was higher with the polymers
than it was with the lipids (Fig. 1), the order of
DNA condensing ability at high +/3 ratios being
Table 1











DOTAP 4^16b 4^16b 4^16b 4^16b 4^16b
DOTAP/DOPE 0.5^4 0.5^8 0.5^8 0.5^16b 0.5^16
DOTAP/Chol 2^16b 2^16b 2^16b 2^16b 2^16b
DOTMA/DOPE 0.5^4 0.5^4 0.5^4 0.5^8 0.5^4
DOGS 0.5^2 0.5^16b 0.5^2 0.5^16b 0.5^2
PEI 25 0.5^1.1 0.5^16b 0.5^1.1 0.5^16b 0.5^1.1
PEI 800 0.5^2.2 1.1^16b 0.5^2.2 4^16b 0.5^2.2
DE 0.25^1 0.25^1 0.25^1 0.25^1 0.25^1
PLL 20 0.5^2 0.5^4 0.5^2 0.5^2 0.5^4
PLL 200 0.5^1 0.5^1 0.5^1 0.5^1 0.5^1
aPlasmid DNA was complexed with the carriers at di¡erent +/3 ratios. DNA binding was studied using gel electrophoresis after com-
plexation and after incubation of the complexes with GAGs. The numbers show +/3 ratio ranges for transition from completely free
DNA to complete DNA binding. The results are shown as +/3 charge ratio intervals; at the smallest +/3 ratio plasmid DNA is to-
tally free and at the highest +/3 ratio plasmid DNA is completely bound by the carrier.
bDNA partly free at +/3 16.
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PEIssDOGSs dendrimer = PLLssDOTAP = DO-
TAP/CholsDOTMA/DOPE = DOTAP/DOPE (Fig.
1). Polyethyleneimines, fractured dendrimer, and
PLLs are known to form condensed small toroids
with DNA [22].
Interactions between GAGs and carrier-DNA
complexes were dependent both on the structure of
GAG and on the gene delivery system. Unlike sul-
fated GAGs hyaluronic acid did not relax any com-
plex (Fig. 1). This is probably due to the lower neg-
Fig. 2. Transgene expression of L-galactosidase at di¡erent carrier/DNA charge ratios (F). E¡ects of hyaluronic acid (E), chondroitin
sulfate B (9), chondroitin sulfate C (a), and heparan sulfate (b) on transfection e⁄ciencies were studied. Each data point is the mean
from triplicate experiments þ S.E.M. Note the di¡erent scale of PEIs and dendrimer compared to other vehicles.
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ative charge density and weaker acidity of the car-
boxylic groups of hyaluronic acid compared to the
sulfated GAGs [20]. The ability of chondroitin sul-
fates and heparan sulfate to relax DNA depends on
the complexing carrier (Fig. 1). The most signi¢cant
DNA relaxation by sulfated GAGs was observed
when DNA was complexed with PEI 25, PEI 800
or DOGS (Fig. 1E,G,H). Amino groups of PEI
and DOGS are weaker bases (primary, secondary,
tertiary) than those of PLL (primary) or DOTAP
and DOTMA (quaternary) [22]. Therefore, com-
plexes of PEI and DOGS with plasmid DNA are
disturbed more easily by the GAGs. This was also
seen as partial release of DNA from the complexes in
contact with GAGs (Table 1). Gene delivery systems
seem to have dissimilar sensitivities to the e¡ects of
GAGs.
As shown previously [21], polyanions (e.g. dextran
sulfate, heparin) may bind the cationic lipid, DO-
TAP, and release DNA from the complexes. In prin-
ciple, competing polyanions may also cause release
of DNA from its complexes with cationic polymers.
Sulfated GAGs induced DNA release in some cases
(especially PEI, DOGS; Table 1), but clearly DNA
release from the complex was not a prerequisite for
inhibition of gene transfection. For example, sulfated
GAGs did not induce DNA release from the com-
plexes with dendrimer or PLL 200, but inhibition of
transfection was complete (Table 1, Fig. 2). There-
fore, premature extracellular release of DNA from
the complex may take place in some cases and it
may decrease the e⁄ciency of transfection, but also
other mechanisms of inhibition must be involved.
Heparan sulfate and chondroitin sulfates inhibited
totally nonviral gene delivery in vitro except in the
case of cationic liposomes with DOPE (Fig. 2). Hy-
Fig. 2 (Continued)
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aluronic acid inhibited partly or completely transfec-
tions mediated by PEI, dendrimer and DOGS, but
not the gene transfer by the other carriers. According
to the e¡ects of GAGs on gene transfer the delivery
systems can be divided to the following groups: car-
riers with endosomal bu¡ering capacity (fractured
dendrimer, PEIs, DOGS), fusogenic liposomes with
DOPE (DOTAP/DOPE, DOTMA/DOPE), and oth-
er carriers (PLL, DOTAP, DOTAP/Chol). The ¢rst
group (with bu¡ering capacity) includes the most
sensitive systems to the e¡ects of GAGs, while lip-
osomes with DOPE are the most resistant ones.
Cationic gene delivery systems are taken up by the
cells via endocytosis [6]. Cellular uptake in vitro
varies only slightly between di¡erent gene transfer
systems, while transgene expression may vary over
several orders of magnitude [4,6,11,12,15,22]. Poor
escape of the complexes or free DNA from the endo-
somes is considered to be a crucial barrier in gene
transfer by cationic carriers [6,21]. Therefore, the
changes in endosomal escape should cause substan-
tial di¡erences in gene transfer [6,11]. Fractured den-
drimer [13], PEIs [13] and DOGS [4] contain pro-
tonatable amine groups at endosomal pH of 5^6,
thus permitting endosomal bu¡ering and protecting
DNA from lysosomal degradation. Acidic GAGs
may hinder the bu¡ering e¡ects of the carriers,
thus lowering pH in the endosomes and decreasing
the endosomal escape of DNA. PEI and fractured
dendrimer are £exible, enabling the swelling of the
complexes upon their protonation in the endosomes
[22]. GAGs may cause some preswelling of the com-
plexes, that is seen as DNA relaxation (Fig. 1). This
should decrease the swelling potential in endosomes.
Clearly, bu¡ering and swelling DNA carriers are
sensitive to GAG induced inhibition of transfection,
and this may be partly due to the endosomal
events.
In the case of cationic lipids the main mechanism
of release of cationic liposome/DNA complexes from
the endosomes is the local membrane destabilization
due to the lipid exchange and the detergent e¡ect of
cationic lipid [9]. GAGs should change the surface
charge of the cationic liposome/DNA complexes
which may prevent the lipid exchange between the
complexes and endosomal membrane, consequently
decreasing the endosomal escape of DNA. Xu and
Szoka [21] showed the relaxation and release of
DNA from DOTAP/DNA complexes mediated by
anionic lipids. They proposed that the anionic lipids
on the endosomal wall displace DNA from the cat-
ionic lipid, thus releasing DNA into the cytoplasm.
Chondroitin sulfates and heparan sulfate may hinder
this lipid exchange by binding DOTAP and by re-
pulsing the anionic lipids in the outer lea£et of the
endosomal wall.
DOPE is a zwitterionic lipid with a strong ten-
dency to form an inverted hexagonal phase [24].
The role of DOPE in the cationic liposome mediated
gene transfer seems to be an endosomolytic agent
increasing the membrane fusion activity of cationic
liposomes [25]. The electric neutrality of DOPE may
explain the weak inhibitory e¡ects of GAGs on
transfection by the complexes containing DOPE.
GAGs do not bind DOPE and, thus, they do not
prevent hexagonal phase formation and mixing of
DOPE with the endosomal bilayer. Accordingly, in
these cases (DOTMA/DOPE, DOTAP/DOPE) the
gene transfer e⁄ciency was least sensitive to interfer-
ence by GAGs.
GAGs have a dual role in gene delivery. Firstly,
extracellular GAGs may decrease the gene transfer
e⁄ciency by the cationic polymers and lipids by the
aforementioned mechanisms. Secondly, Mislick and
Baldeschwieler [23] showed that GAGs on the cell
surface mediate the binding of the cationic complexes
to the cells and, subsequently, they may act as recep-
tors for the cellular entry of the gene transfer com-
plexes. The extracellular complex/GAG interactions
described in this report might also modify the inter-
actions of the complexes with the cell surface GAGs.
This study demonstrates substantial di¡erences in
the extracellular interactions between gene complexes
and GAGs: both gene carrier and GAG a¡ect the
interaction substantially. Complex relaxation and
DNA release do not predict how the interaction af-
fects gene transfer. These di¡erences in gene transfer
may depend on the cellular mechanisms of gene
transfer, presumably at the endosomal level, but
also changes of cellular uptake may contribute to
the levels of gene transfer. In vivo gene transfer is
further complicated by the e¡ects of the complex size
and GAG interaction on the mobility of the com-
plexes in the tissues. Among other factors this makes
in vitro-in vivo correlation hard to ¢nd in many ap-
plications.
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